Background: Adapalene has been previously evaluated as a treatment for actinic keratosis (AK) and solar lentigines and shown to improve signs of photoaging. Objectives: To evaluate whether adapalene 0.3% gel is non-inferior to tretinoin 0.05% cream as treatment for photoaged skin. Materials & Methods: An investigator-blinded, parallel-group comparison study was conducted in Brazil. Subjects were randomised in a 1:1 ratio to receive, once daily, adapalene 0.3% gel or tretinoin 0.05% cream. Subjects were evaluated at Weeks 1, 4, 8, 12, 16, 20 and 24, based on clinical signs of cutaneous photoaging, histopathological and digital morphometric findings, as well as safety and tolerability. Results: A comparison of clinical efficacy showed that both treatments did not differ significantly regarding clinical evaluation of the following criteria: global cutaneous photoaging, periorbital wrinkles, ephelides/melanosis, forehead wrinkles, and AK. Conclusion: Adapalene 0.3% gel showed non-inferior efficacy to tretinoin 0.05% cream as treatment for photoaged skin, with a similar safety profile. Adapalene 0.3% gel may therefore be considered a safe and effective option for the treatment of mild or moderate photoaging.
S
kin photoaging is premature skin aging, caused by chronic exposure to solar radiation [1] [2] [3] . In addition to intrinsic and chronological factors, it is part of a complex biological process. The extent of damage inflicted on the skin by sunlight is determined by the radiation a person is exposed to throughout life, affecting predominantly people with fair skin. The decay of cellular activities over time accelerates skin aging, resulting in the clinical appearance of fine and deep wrinkles, changes in pigmentation, laxity, pallor, and telangiectasia. At advanced stages of exposure, skin photoaging may lead to actinic keratosis (AK) and the development of skin cancer. The molecular and cellular mechanisms mediating damage caused by ultraviolet (UV) radiation, mainly UVA, in the connective tissue of human skin involve cell surface receptors, protein kinase transduction pathways, transcription factors, and enzymes which synthesize and degrade structural proteins that confer strength and resilience to the dermis [4] . Retinoids, which are commonly used for acne, have also been shown to be effective for the treatment of photoaging [5] [6] [7] [8] [9] , being the most effective among anti-aging agents [5] . Tretinoin (all-trans retinoic acid), a topical retinoid, has been used for decades in dermatology, and is approved for the treatment of acne and photodamaged skin [9] . Tretinoin 0.025% or 0.05% cream is still considered the gold standard for the treatment of photoaged skin [5, 9] . Previous clinical studies comparing tazarotene 0.1% cream versus tretinoin 0.05% cream showed that tazarotene 0.1% was at least as effective as tretinoin 0.05% and provided faster clinical improvement [10] . Adapalene is a synthetic retinoid with specificity for RAR-␤ and RAR-␥. The formulation of 0.3% gel is approved for the treatment of acne with similar efficacy and a favourable tolerability profile compared to other retinoids [11, 12] . Adapalene 0.1% and 0.3% have been investigated as a treatment for AK and solar lentigines, and shown to improve signs of photoaging, such as fine and coarse wrinkles, and mottled hyperpigmentation [13] . There is clinical and non-invasive instrumental evidence that adapalene can be effective as treatment for photoaging [14] . Given the available evidence, the hypothesis that efficacy of adapalene 0.3% gel may be non-inferior to tretinoin 0.05% cream, while providing a favourable tolerability profile, was the basis of the clinical study reported here. The primary objective was to evaluate the clinical efficacy of adapalene 0.3% gel versus tretinoin 0.05% cream regarding the reduction of cutaneous photoaging signs over 24 weeks of treatment. Secondary objectives included the evaluation of safety and tolerability, as well as the assessment of efficacy based on comparative histopathological and digital morphometric findings between the two treatment groups. 
Efficacy evaluation
The investigators assessed cutaneous photoaging assessment (ECPA) and global assessment based on the Griffiths scale for all visits throughout the study, and performed an evaluation of improvement at Weeks 12 and 24 (on a scale of -1 to 5: -1 = worse; 0 = no response; 1 = mild; 2 = moderate; 3 = marked; 4 = almost complete; 5 = complete). The evaluation of periorbital wrinkles (0-4), frontal wrinkles (0-4), ephelides/melanosis (0-4), and actinic keratosis (0-3) is included in the ECPA. At Weeks 12 and 24, the questionnaire for subjects' assessment of improvement (scale of 0-4: 0 = difficult to notice; 1 = very mild; 2 = mild; 3 = moderate; and 4 = marked improvement) was completed by the participants. Biopsies of the temporal region using a 3-mm punch were performed at baseline and at Week 24 for histopathological and immunohistochemical assays. Digital photographs were taken at baseline and at Weeks 12, 16, 20, and 24.
Histopathology and immunohistochemistry
Skin samples were fixed in 10% buffered formalin for paraffin sections and subsequent haematoxylin-eosin (HE) and Fontana-Masson staining.
Immunostaining for p53 (clone D0-7, Dako, code M7001-1) and collagen type I (Abcam plc, cod AB34710) was performed using the EnvisonFLEX protocol, Dako, USA, at 1:20 and 1:1,200 dilution. Gross histopathological quantification was performed by a group-blinded, boarded dermatopathologist. The analysis of p53 nuclear staining was performed by calculating the HSCORE [16] in the most intensely stained areas (hotspots) in the sample tissue.
Photographs were acquired according to a standardised procedure using a digital camera mounted on a Nikon Eclipse E200 light microscope under 1024 × 768 resolution, with 24-bit colour, ISO 80, TIFF, and speed of F4.5 1/2000. The photos represented interfollicular spaces and were captured in triplicate for each slide under 40x magnification. The thicknesses of the stratum corneum, epithelium (measured from the basal layer to the upper granular layer), and granular layer (measured as the density of melanin and collagen in the upper dermis) was measured digitally using Image J software 1.46 [7, [17] [18] [19] .
Safety and tolerability
Tolerability was assessed at all visits by taking into account specific criteria: erythema, burning sensation, pruritus, and dryness (scale of 0-3: 0 = absence; 3 = intense). Adverse event monitoring was performed throughout the study.
Statistical analysis
Sample size determination was based on non-inferiority of adapalene for efficacy, with significance level of 2.5%, power of 80%, standard deviation of 1 point for ECPA, and a margin of non-inferiority of 0.6. A total of 106 subjects (53 per treatment group) were determined to be required to meet the study objectives. For the histopathological evaluation, a sample size of 89 subjects maintains a power of at least 95% in order to detect a difference between treatment arms. Primary efficacy analysis corresponded to intention-totreat (ITT) analysis (LOCF) of the mean score variation of ECPA (average of scores of periorbital wrinkles, ephelides/melanosis, forehead wrinkles, and actinic keratosis) at the end of treatment compared to baseline. Confidence interval (CI) of 97.5% for the mean of the differences between treatments was calculated as -0.6. Groups were compared using Cochran-Mantel-Haenszel (CMH) statistics. Changes were also transformed into dichotomous variables: "improvement" versus "no improvement or worsening" at each visit, and compared using Fisher 
Results

Demographics
A total of 128 subjects (65 and 63 subjects in the adapalene 0.3% and tretinoin 0.05% groups, respectively) were evaluated (ITT population). Of those, 14 subjects did not complete the study (eight discontinuations due to loss of contact, five at the request of the patients, and one due to lack of adherence to the treatment), thus the per-protocol (PP) population consisted of 114 subjects (57 subjects per treatment group). The majority of subjects were females in both treatment groups (93.0% in the adapalene and 87.7% the tretinoin group). Subjects were predominantly Caucasian. 
Global assessment of cutaneous photoaging at each visit
Global assessment of photoaging did not show any significant differences between treatments in relation to the overall assessment at the end of the study (p = 0.739) ( figure 1A ).
Periorbital wrinkles
The treatments did not differ significantly in terms of the clinical evaluation of periorbital wrinkles at Weeks 12 and 24 (p = 0.432) ( figure 1B) . The percentage of subjects for whom improvement in periorbital wrinkles was reported at the end of the study was 59.6% (34 subjects) vs. 66.6% (38 subjects) (p = 0.560) for adapalene 0.3% and tretinoin 0.05%, respectively.
Ephelides/melanosis
There was a significant improvement in ephelides/melanosis in both treatment groups. There was no significant difference between the groups at Weeks 12 and 24 (p = 0.460) ( figure 1C) . The percentage of subjects for whom improvement in ephelides/melanosis was reported at the end of the study was 64.9% (37 subjects) vs. 71.9% (41 subjects) (p = 0.546) for adapalene 0.3% and tretinoin 0.05%, respectively.
Forehead wrinkles
Both treatments achieved similar results in terms of the clinical evaluation of forehead wrinkles at Weeks 12 and 24 (p = 0.302) ( figure 1D ). The percentage of subjects for whom improvement in forehead wrinkles was reported at the end of the study was equal; 50.8% (29 subjects) vs. 50.8% (29 subjects) (p = 1.000) for adapalene 0.3% and tretinoin 0.05%, respectively.
Actinic keratosis
No improvement was reported for either of the treatment groups, with no difference between groups. As almost all values were zero, an analysis was not performed.
Investigator assessment at Weeks 12 and 24
According to the investigators, the treatments did not differ in relation to improvement reported at Weeks 12 (p = 0.785) and 24 (p = 0.298). At Week 12, the percentage of subjects who showed improvement was 89.5% vs. 91.1% for adapalene 0.3% and tretinoin 0.05%, respectively. Of note, 82.4% vs. 85.7% showed mild or moderate improvement. At Week 24, the percentage of subjects who showed improvement was equal between treatments (96.5% in both groups). Also, 64.9% vs. 65% showed mild or moderate improvement, while 29.8% vs. 28.1% showed marked or almost complete improvement for adapalene 0.3% and tretinoin 0.05%, respectively (figures 2, 3) .
Subject assessment at Weeks 12 and 24
According to the subjects, the treatments did not differ in relation to improvement at Week 12 (p = 0.925) and 24 (p = 0.904). At Week 12, the percentage of subjects who showed improvement was equal between treatments; 94.8% vs. 94.7% for adapalene 0.3% and tretinoin 0.05%, respectively. Of note, 79% vs. 75% showed moderate or major improvement. At Week 24, the percentage of subjects who showed improvement was 94.8% vs. 93%, respectively. Of note, 89.5% vs. 85.9%, respectively, showed moderate or major improvement.
Morphometric analysis
Morphometric analysis (table 1) demonstrated significant epithelial hyperplasia: reduction in the thickness of the stratum corneum (figure 4) and reduced p53 expression and melanin density in the epidermis, as well as increased granular layer thickness and density of collagen type I in the papillary dermis ( figure 4) , between baseline and Week 24 for both treatment groups (p<0.01). However, no difference between the treatments was observed (p>0.1).
Histopathological analysis
Histopathological analysis (table 1, figure 4 ) demonstrated an increase in the frequency of compaction of the stratum corneum, reduced elastosis, and interstitial oedema, as well as homogenization of melanin distribution between baseline and Week 24 in both treatment groups (p<0.01). However, no difference between the treatments was observed (p>0.1).
Safety
A total of 622 adverse events (AEs) were reported in 117 subjects. There was no significant difference in AEs between groups, with 302 (48.6%) and 320 (51.4%) reported for adapalene 0.3% and tretinoin 0.05%, respectively (z test for a proportion; p = 0.495). The most commonly reported AEs were burning sensation (53 vs. 70), erythema (50 vs. 63), peeling (42 vs. 65), pruritus (43 vs. 41), and dryness (36 vs. 28), corresponding to 74.2% and 83.4% of the total number of AEs in the adapalene 0.3% and tretinoin 0.05% groups, respectively. The intensity of AEs was similar between treatments, with the vast majority of AEs (>90%) in both groups being mild or moderate. Moreover, causality of AEs was also similar (p = 0.208) between the groups. Of the 622 AEs, 164 were clearly related to treatment: 75 vs. 89 for adapalene 0.3% vs. tretinoin 0.05%, respectively. 
Discussion
There is clinical evidence for the effectiveness of topical adapalene in improving clinical features of facial photodamage (fine wrinkles and hyperpigmentation) and non-hypertrophic AK [13, 14] . In the present study, based on an evaluation of the clinical efficacy of adapalene 0.3% gel versus tretinoin 0.05% cream in reducing cutaneous photoaging signs over 24 weeks, we demonstrate noninferior efficacy of adapalene 0.3% gel relative to tretinoin 0.05% cream, with a similar safety profile.
The global approach for photoaging should comprise prevention and targeted treatment, including topical treatments and medical devices. The use of broad-spectrum sunscreen reduces the production of reactive oxygen species (ROS) and the expression of p53 tumour suppressor protein [20] .
Among topical treatment options, retinoids have been useful in reducing oxidative stress and photodamage, and improving epidermal renewal [21, 22] . Even though the complete mechanism is not thoroughly understood [23] , the fact that retinoids influence different cellular pathways, from keratinocyte and melanocyte differentiation to collagen type I synthesis, may account for the improvement in photoaging observed after topical chronic use. Topical retinoids work through activation of intranuclear retinoic acid receptors (RAR) [16] . Tretinoin activates all subtypes of retinoic acid receptors, while adapalene is a synthetic retinoid with a specificity for RAR-␤ and RAR-␥ [24] . Since our comparison of clinical efficacy showed that adapalene 0.3% gel is non-inferior to tretinoin 0.05% cream in reducing mild or moderate signs of skin photoaging, one can infer that the activation of gamma subtype by adapalene causes most of the cutaneous retinoid effects in the skin, as supported by our clinical and histological results and other trials with tazarotene [10, 25] . The effects of treatments investigated in this study did not differ significantly regarding the clinical evaluation of the following criteria: global cutaneous photoaging, periorbital wrinkles, ephelides/melanosis, forehead wrinkles, and AK. Based on investigators' assessments, both treatments were efficacious for the vast majority of subjects and showed similar grades of improvement. These results were corroborated by subjects' assessments, reporting moderate or major improvement.
In addition, morphometric and histopathological analyses of an array of variables did not reveal any significant differences between the two treatments and corroborated the efficacy of the retinoid regimen in improving signs of photoaging. Observed alterations of the thickness of the stratum corneum, epidermal thickness, density of collagen, solar elastosis, frequency of stratum corneum compaction, and hypermelanosis were anticipated treatment effects, consistent with the use of retinoids in this clinical setting. It is suggested that after UVR exposure, there is an increase in two transcription factors: AP-1 and NF-B, leading to an increase in the production of matrix metalloproteinases, such as collagenase and gelatinase, which are responsible for the breakdown of dermal collagen and fibrillin [26] . The mechanism of action of adapalene, that involves the inhibition of transcription factor AP-1, deregulation of toll-like receptor 2, and anti-inflammatory actions through modulation of cytokines [27] , may contribute to its favourable tolerability and anti-aging effect. The two treatment regimens exhibited similar tolerability profiles, with the vast majority of AEs being of mild or moderate intensity. In general, discontinuations were not (26) 3 (7) 12 (27) 23 (51) 10 (22) 0 (-) 3 (7) 25 (58) 13 (30) 2 (5) 7 (16) 24 (55) 12 (27) 1 ( directly related to AEs from the treatments. The limitations of the study include the low representation of men which precludes stratification of the analysis.
In conclusion, adapalene 0.3% gel showed comparable efficacy and safety to tretinoin 0.05% cream, and may thus be considered a safe and effective option for the treatment of mild or moderate cutaneous photoaging. Further studies are needed to explore adapalene for other retinoid responsive disorders beyond acne, such as melasma, striae distensae, the field of cancerization, pseudoacantosis nigricans, and keratosis pilaris.
